The effect of sugars on the production of D-arabitol and on the glucose catabolic pathways was investigated in the osmotrophic yeast Saccharomyces rouxii. The activity of D-arabitol dehydrogenase, which served as a measure of total D-arabitol production, increased when cells were grown in the presence of increasing glucose concentrations. Growth in sucrose had no effect on the enzyme activity. A high intracellular concentration of D-arabitol could be demonstrated when the cells were grown in a 60% glucose medium and could be eliminated by anaerobic growth or growth in the presence of 4 mg of chloramphenicol per ml. A mutant was isolated that would not grow in 60% glucose; although the regulation of Darabitol dehydrogenase was altered in this strain, the production of D-arabitol was not eliminated. The activity of D-arabitol dehydrogenase followed the growth phases of the parent strain when the cells were preadapted to 30% glucose. If the cells were adapting from 1 to 30% glucose, a large increase in enzyme activity was detected before growth occurred. Protein synthesis was found to be involved in this increase in activity. There was an increased participation of the pentose phosphate pathway when the cells were grown in the presence of increasing glucose concentrations. The mutant strain had only an 11% pentose phosphate pathway participation compared with 20% for the parent strain in glucose. The results suggest that the active pentose phosphate pathway is involved in glucose tolerance by providing a plentiful supply of reduced nicotinamide adenine dinucleotide phosphate which is necessary for cell survival.
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There are very few species of microorganisms that have the ability to thrive in extremely dry environments. Some of these organisms have been extensively studied, and much is known about their physiological mechanisms of solute tolerance. The extremely halophilic bacteria, which require sodium chloride concentrations of about 2 M (23), maintain an internal solute concentration at least as high as the external concentration (5) by accumulating potassium ions and excluding sodium ions (10) . In general, the enzymes of halophilic bacteria are intrinsically distinctive and are protected from inactivation by the intracellular potassium ion (8) . The enzymes of halophilic algae are not distinctive and are sharply inhibited by sodium chloride (8, 21) . These algae retain metabolic glycerol in response to increases in the environmental salinity (2) , and glycerol is believed to act as a compatible solute or protector of enzyme function (8) . Osmoregulation in the nonhalophilic bacteria is achieved by the accumulation or synthesis of certain amino acids (17, 26) .
Saccharomyces rouxii is a member of another group of high-solute-tolerant microorganisms which have been less extensively studied, the osmotrophic yeasts. This yeast does not require high solute concentrations, but can readily adapt to growth in low-solute environments (28, 33) . S. rouxii is unusual since it is both salt tolerant and sugar tolerant (28) . It has been found that the enzyme systems of salt-tolerant yeasts are inhibited almost completely by a high concentration of salt in the cell-free state, but not in the intact cells (29) . It has also been found that S. rouxii produces glycerol in response to increasing sodium chloride concentrations in the medium (28) and that glycerol can accumulate intracellularly (15) . S. rouxii has been shown to produce greater amounts of D-arabitol when the glucose concentration of the medium was increased (28, 36) . Brown (6) has presented some evidence that D-arabitol can accumulate intracellularly in glucose-grown celLs. Since the polyalcohols glycerol and D-arabitol were found to be compatible with enzyme function (9), they were termed "compatible solutes" and were considered necessary for salt and sugar tolerance, respectively (8, 15) .
We have been interested in more clearly defining the sugar-tolerant mechanism in S. rouxii and its relationship to D-arabitol production. Our approach to the problem has been to take advantage of the adaptation capacity of the organism, that is, to compare properties of lowsugar-adapted cells to high-sugar-adapted cells. This approach avoids possible species-specific differences encountered when comparing S. rouxii to a nontolerant yeast such as S. cerevisiae. We have used assays of the enzyme Darabitol dehydrogenase (ArDH; this enzyme has not been assigned a specific enzyme commission number) as a measure of total D-arabitol production. This enzyme catalyzes the NADPHlinked conversion of D-ribulose to D-arabitol (19) . The enzymatic assay allowed us to avoid the leakage problems observed by Brown (6) and to study the effects of sugar concentration on D-arabitol production. Since D-arabitol is formed when glucose is catabolized via the pentose phosphate pathway (37) , we have also studied the regulation of the glucose catabolic pathways by the concentration of glucose in the growth medium.
( The incorporation of labeled leucine into the cold trichloroacetic acid-precipitable material was used as a measure of protein synthesis during the adaptation period. L-[4,5-3H]leucine was added to the 30% glucose medium at a final concentration of 2 ,uCi/ml. Samples were precipitated with cold (0°C) 10% trichloroacetic acid, collected on membrane filters, and washed with cold 5% trichloracetic acid. The filters were dried and placed in scintillation vials containing 10 The effect of the protein synthesis inhibitor cycloheximide on growth and ArDH activity was measured during the adaptation and growth periods. In one flask, the cells were exposed to cycloheximide (15 ,ug/ml) for the duration of the experiment. In another flask, the cells were exposed to cycloheximide for 2 h, removed by centrifugation, washed two times in sterile cold (0°C) 30% glucose medium, and placed in a flask of fresh 30% glucose medium.
Radiorespirometry. The radiorespirometers used in this study were similar in design to those described by Wang (40) . The methods used were modified from those of several authors (3, 11, 30) . Cells for the radiorespirometric experiments were grown and harvested as described above. Cells were suspended in 100 mM sodium phosphate buffer (pH 6.8) to a concentration of 6 mg/ml (dry weight). One milliliter of the cell suspension was added to 4 ml of buffer in the radiorespirometry flask. The side arm contained 1 mg of total glucose and 1.0,Ci of specifically '4C-labeled glucose. Glucose labeled with 14C at positions 1, 3 and 4, or 6 was used. The flasks were placed in a Warburg bath (American Instrument Co., Silver Spring, Md.) at 30°C and incubated for 1 h to decrease endogenous metabolism. Sterile air was used to sparge the flasks at a flow rate of 55 ml/min. After the preincubation period, the labeled substrates were added from the side arm, and the respiratory 14CO2 was trapped in 10 ml of a mixture of absolute ethanol-monoethanolamine (2:1, vol/vol). The trapping solution was changed at 30-min intervals, and the experiments were run for 7 to 8 h. The trapping solutions containing 14C02 as ethanolamine carbonate were diluted to 15 ml with absolute ethyl alcohol. A 5-ml portion of each sample was added to 10 ml of a scintillation fluid composed of 0.5% PPO and 0.03% dimethyl POPOP in toluene. At the termination of the experiment, the flasks were chilled and the cells were separated from the buffer medium by centrifugation. The radioactivity in the cells and medium was determined as described by Chung et al. (11) . The counting efficiency of 14C was approximately 90%, and quenching was corrected for by the internal standard method.
Time course plots of the radiochemical recoveries of the evolved carbon dioxide from labeled substrates were constructed. The cumulative radiochemical recovery at one relative time unit for each specifically labeled glucose substrate was determined and substituted into the formulas of Wang et al. (41) 
RESULTS
Osmoregulation of ArDH by glucose. The ArDH activities from cells grown in various concentrations of glucose and sucrose are shown in Table 1 . The results show that when the parent strain, 1600, is grown in increasing concentrations of glucose, the ArDH specific activity increases, indicating the probable increased production of D-arabitol. When the glucose-tolerant deficient mutant Glt4 was grown in 30% glucose, the ArDH specific activity decreased, although it was somewhat higher in glucose than the parent. This mutant, which was selected for its inability to grow in media containing 60% glu- Table  1 ). Anaerobic growth conditions and the addition of chloramphenicol prevented the large intracellular concentration of D-arabitol observed in the 60% glucose-grown cells. Slight increases in glycerol content with increasing concentrations of glucose could be detected for the parent strain, but they were not unifonn and were not considered to be very significant. The mutant strain showed a slight increase in glycerol concentration when grown at 30% glucose, similar to that observed for the parent strain. There were no observable increases in the concentra- Alteration of the glucose catabolic pathways by glucose. Since D-arabitol is produced through the activities of the pentose phosphate pathway (36) and the growth temperature is known to cause alterations in the pathways for glucose catabolism in psychrotrophic bacteria (11, 30) , the influence of the growth glucose concentration on the pathways of glucose catabolism was studied by radiorespirometry. Saccharomyces yeasts metabolize glucose by a combination of the Embden-Meyerhof-Parnas and pentose phosphate pathways (38, 40) . The early appearance of C02 from cells metabolizing glu- way. The radiorespirometric patterns of the parent strain grown in 1, 30, and 60% glucose are presented in Fig. 4a through c, and EFFECT OF SUGARS ON S. ROUXII 829 they were not able to recover. This is in contrast to the parent strain which can be transferred from 1% glucose to 30% and even back again with little or no loss of viability. DISCUSSION The results reported here suggest that there is a difference between the mechanism ofglucose tolerance and sucrose tolerance in S. rouxii, at least as far as the involvement of D-arabitol is concerned. D-Arabitol production was associated with growth in higher glucose concentrations, but not in higher sucrose concentrations. Assays of the intracellular contents confirned that there was no involvement of D-arabitol in sucrose tolerance. Brown (6) has previously described an association of high intracellular concentrations of D-arabitol with growth in high glucose concentrations, but unfortunately proposed this association as a general mechanism of sugar tolerance (6, 8) . Recently, the intracellular accumulation of glycerol has been proposed as a necessity for tolerance to all solutes, but only polyethylene glycol and sodium chloride were investigated (15) . Onishi (28) has pointed out the association ofglycerol with salt tolerance and also emphasized the differences between salt tolerance and sugar tolerance in S. rouxii. Polyethylene glycol apparently has effects on the cells similar to those of sodium chloride, but it is not a natural solute and has even been reported to have toxic effects on S. rouxii as well as other organisms (14) .
Results of previous studies on D-arabitol production and glucose tolerance have been circumstantial (6); it remained unclear whether the production of D-arabitol was necessary for growth in high-glucose media or was produced as a consequence of this growth. Clearly, Brown (6, 8) has favored the first explanation. Our results tend to support the altemative explanation. The ArDH assays showed that D-arabitol was produced in high-glucose media under all conditions. It accumulated intracellularly under aerobic growth conditions, but not when the celLs were grown anaerobically or in the presence of chloramphenicol. The powerful inhibitor of protein synthesis in procaryotes chloramphenicol normally has little effect on eucaryotes. When the yeast-like fungus Moniliella tomentosa is grown in the presence of chloramphenicol, the organism respires by a cyanide-insensitive cytochrome system and reverts from polyalcohol production to ethanol production (18) . Chloramphenicol is known to affect mitochondrial function in S. cerevisiae by inhibiting mitochondrial protein synthesis when used in high concentrations (4 mg/ml) (12, 13) . The inhibition of respiration by chloramphenicol would be expected to provide a situation similar to anaerobic growth conditions. The reasons for the failure of these S. rouxii celLs to retain D-arabitol may be due to differences in the membrane composition of anaerobically grown cells (32, 42) or the lack of necessary energy (42) . Chloramphenicol has also recently been shown to inhibit mitochondrial adenosine triphosphatase in S. cerevisiae (25) . This indicates that aerobic conditions are not necessary for growth and D-arabitol production in high glucose concentrations, as some authors have previously believed (7) .
Although it is possible that D-arabitol or glycerol could leak from the cells into the washing buffer ( (2) .
The observations of ArDH activity during the growth of cells preadapted to 30% glucose indicated that D-arabitol may serve as a fermentation end product. Results very similar to these were obtained for the production of ethanol during growth by S. carlsbergensis (38) . This role for D-arabitol has been suggested by Ingram and Wood (19) : the function of ArDH being the regeneration of NADP+ by a system analogous to the production of ethanol and regeneration of NAD+ by alcohol dehydrogenase. When S. rouxii celLs which had been grown in 1% glucose medium were placed in 30% glucose medium, they produced a large amount of Darabitol (as indicated by the increase in ArDH activity) before they resumed growth, and protein synthesis was involved in this increase. This type of response points to some involvement of D-arabitol with growth in high-glucose media, but it is unclear where the metabolic controls are operating. We suspected that metabolic regulation by glucose might occur by the control of certain enzymes involved in the catabolism of glucose. These controls would be evidenced by changes in the pathways of glucose catabolism. Our results revealed an increased participation of the pentose phosphate pathway when the cells were grown in the presence of increasing glucose concentrations. This is consistent with our findings of increased ArDH activity under the same conditions. These alterations in metabolic pathways VOL. 138, 1979 on July 12, 2017 by guest http://jb.asm.org/ Downloaded from appeared to be mediated by the declining activities of the Embden-Meyerhof pathway, whereas the pentose phosphate pathway remained resistant to high glucose concentrations. The 11% pentose phosphate participation for the mutant strain compares very well to the 12% previously found by other investigators for S. cerevisiae (41) . Thus, it appeared that when the mutant lost its glucose-tolerant properties, it also exhibited the metabolic pathway participation of a non-glucose-tolerant yeast. We believe this property is very important for the tolerance of S. rouxii to high glucose concentrations; it provides a plentiful supply of NADPH, which is necessary for cell survival and the synthesis of structural lipids (42) . The excess NADPH is oxidized through the formation of D-arabitol.
These suggestions are further emphasized by the results obtained with the mutant which did not grow in 60% glucose. While the regulation of D-arabitol production was altered in this strain, it was not eliminated. The mutant exhibited the pentose phosphate pathway participation of a non-glucose-tolerant yeast (41) , indicating the importance of this property. The difficulties encountered with the mutant strain when it was grown in 30% glucose indicated some possible deficiencies in the cell membrane, such as glucose transport. Since this mutant was also unable to grow on 60% sucrose, a more generalized membrane weakness or deficiency is probable; the involvement of cell membrane integrity with glucose tolerance will be discussed elsewhere.
